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Abstract

Nanometer-scale-thick, polymer-like coatings deposited using the molecular layer deposition (MLD) technique constitute a new class
of materials. The modulus and hardness of aluminum alkoxide (‘‘alucone”) films grown using either homobifunctional or heterobifunc-
tional reactants were measured using nanoindentation. Because the coatings are brittle and possess a significant tensile film stress imme-
diately after deposition, the influence of film stress on the indentation measurements was quantified using a numerical analysis protocol.
The film stress and coefficient of thermal expansion for alucone were determined using the wafer curvature method. Film stress was
found to stabilize within the first thermal cycle, demonstrating a repeatable hysteresis thereafter. Curvature/time measurements on
coated microcantilever beams indicated that the most significant evolution in film stress for alucone occurred during the initial 2 weeks
of storage in the ambient environment. The temporal behavior is attributed to the change in thickness and/or modulus of alucone, and is
consistent with the film stress becoming more compressive over time. An encapsulating alumina film, coated using the atomic layer depo-
sition technique, was found to suppress the evolution of stress within alucone. The studies here suggest that the alucones have a greater
elastic modulus than traditional polymers, are at present quite brittle and are prone to environmental influence. The MLD technique,
however, possesses a rich wealth of options that enable the modulus, adhesion and chemical stability of the coatings to be tailored.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The atomic layer deposition (ALD) technique [1–4] may
be used to grow thin metallic or ceramic films; the latter
have found application as high j dielectrics within the field
of integrated circuit technology [5]. ALD coatings have
been proposed to be utilized in a broad range of applica-
tions, including the encapsulation of compliant substrates
[6,7], as well as the surface functionalization of nanoparti-

cles or nanotubes [8,9], porous films/membranes [9,10] and
microsystems [11]. Such coatings may be used to tailor
characteristics, including chemical permeation, charge dis-
sipation, surface adhesion, corrosion sensitivity and tribo-
logical behavior [12].

In contrast, the recently developed technique known as
molecular layer deposition (MLD) [13–17] may be used
to create polymer-like films. MLD coatings might be uti-
lized for the same purposes as ALD coatings. The different
chemical species used in MLD may enable additional appli-
cations currently facilitated using traditional polymers, e.g.
spatial patterning using photolithography. In addition,
MLD may be interposed between ceramic layers, mechan-
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ically decoupling the layers, thereby increasing the critical
strain associated with film cracking [18,19], while also cre-
ating a more tortuous path that limits the permeation of
chemical species [20]. Both ALD and MLD coatings are
expected to benefit from the characteristics unique to the
deposition techniques, i.e. the resulting films are continu-
ous, conformal, pinhole free and may be grown with sub-
nanometer thickness control.

The mechanical properties, which have not been previ-
ously studied, are essential to the design and engineering
of reliable components containing MLD films. Instru-
mented indentation [21,22] is a popular technique that
has been employed to study a broad variety of thin film
coatings. Properties, such as modulus and hardness, may
be determined from the measured load vs. depth relation-
ship for a prescribed tip impressed into a specimen. The
mechanical response for a film is, however, only automat-
ically decoupled from its host substrate at indentation
depths that are significantly less than that of the film thick-
ness [23]. Separately, owing to the limitations of the tech-
nique, including the tip (capability of its manufacture and
wear related its use), the specimen (surface roughness, sur-
face contamination, and alignment with respect to the tip)
and the indent region (the evolution if its initial-geometry
and -stress distribution), the indenter tip must typically
be pressed into the specimen by at least 50 nm before the
raw modulus and hardness measurements have stabilized
[24]. For materials bearing a viscoelastic response, rapid
indentation may be least subject to time-dependent varia-
tion, i.e. the modulus measurement may approach the
instantaneous modulus [25]. The preferred method, how-
ever, is to maintain a constant maximum applied load
before very rapidly unloading the specimen, whereupon
the instantaneous modulus can be more assuredly deter-
mined [26]. In this method, the dynamic properties of the
specimen material can also be evaluated during the ‘‘creep
hold” at the maximum load [27,28].

The curvature of a film/substrate specimen is often used
to examine the stress within the film as well as the coeffi-
cient of thermal expansion (CTE). Stoney’s solution
[29,30] relates the curvature to the stress in a thin film
deposited on a thick substrate:

rf ¼
Esh

2
s

6ð1� tsÞhf
Dj ð1Þ

For curvature vs. temperature measurements, CTE can
be evaluated using the following equation [29,30]:

Dj ¼ 6ð1� tsÞhf Ef ðas � af ÞDT

ð1� tf ÞEsh
2
s

ð2Þ

In these equations, r represents stress (Pa), E the elastic
modulus (Pa), h the thickness (m), j the curvature (m�1), m
the Poisson’s ratio (unitless), a the CTE (ppm �C�1) and T

the temperature (�C). The subscripts f and s refer to the
film and substrate, respectively. In practice, the uncoated
substrate is not perfectly flat, therefore stress (Eq. (1))

may be evaluated from the difference in R, the radius of
curvature (m), present before and after deposition,
Dj ¼ ð 1

Ra� 1
RbÞ.

In the Stoney analysis, the film is assumed to be of uni-
form thickness, and rf is equibiaxial and constant through-
out hf. If hf is not two orders of magnitude less than hs, or
for a stiff film on a compliant substrate, the system may be
analyzed as a multilayer composite [31–33]. Such analysis is
accurate and may be readily determined without a correc-
tion factor [33].

The goal of this study is to examine the basic thermome-
chanical properties of the recently developed alucone films,
grown using the MLD technique. Specifically, the charac-
teristics of elastic modulus, hardness, film stress and CTE
are examined using indentation and the wafer curvature
method. Drawing on the latter technique, temporal stabil-
ity is also examined from the curvature of multilayer com-
posite microcantilever beams. The examination here was
motivated by the use of MLD to facilitate a chemical per-
meation barrier [19]; the results here are utilized in the
study of the mechanical robustness of monolayer and mul-
tilayer composite coatings acting in that application.

2. Experimental

Films were deposited in a viscous flow reactor [4] using
the MLD [13–17] technique. The technique does not
require line-of-sight for deposition and films are deposited
in blanket format. The deposition technique is based on a
sequence of two or more self-limiting reactions between
vapor-phase precursors and a solid surface. A simple recipe
for aluminum alkoxide (‘‘alucone”) film growth incorpo-
rates the two half-reactions, (3A) and (3B), where the aster-
isks designate the surface species [14]:

AlOH� þAlðCH3Þ3 ! AlOAlðCH3Þ�2 þ CH4 ð3AÞ
AlCH�3 þ C2H4ðOHÞ2 ! ðAl�OCH2CH2OHÞ� þ CH4

ð3BÞ

The reactants, trimethyl aluminum (TMA, Al(CH3)3)
and ethylene glycol (EG, OHCH2CH2OH), are alternately
injected via nitrogen carrier gas [14,15]. Using computer-
controlled pneumatic valves, the substrate surface is first
exposed to TMA, which reacts with the active surface sites
(Fig. 1a). Then, after purging the by-products from reac-
tion (3A), the surface is exposed to EG. This reaction
regenerates the initial functional groups, preparing the sur-
face for the next exposure to TMA (Fig. 1b). The film is
grown to the desired thickness by repeating the AB
sequence for ‘‘AB alucone”. The chemical growth repre-
sented in Fig. 1 is performed using homobifunctional reac-
tants that may react twice with two separate chemical
groups on the surface [15,16].

An MLD sequence using hetrobifunctional and ring-
opening reactants may be used to improve the growth rate
by avoiding reactions with two separate chemical groups
on the surface [15,16]. The reaction sequence utilized to
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grow ‘‘ABC alucone” [15] is represented in Fig. 2. Here,
film growth proceeds according to the three reaction
events, (4A)–(4C), where the initial reactant species are
TMA, ethanolamine (EA, NH2CH2CH2OH) and maleic
anhydride (MA, C4H2O3), respectively [15].

AlOH� þAlðCH3Þ3 ! AlOAlðCH3Þ�2 þ CH4 ð4AÞ
AlCH�3 þNH2CH2CH2OH! AlAOCH2CH2NH�2 þ CH4

ð4BÞ
AlAOCH2CH2NH�2 þ C4H2O3

! AlAOCH2CH2NH–COCHCHCOOH� ð4CÞ

In the sequence, EA and MA act as heterobifunctional
and ring-opening reactants, respectively, preventing ‘‘dou-
ble” reactions at the surface. The reaction sequence is spe-
cifically enabled by the series of three surface events,
thereby resulting in a constant rate of growth, as well as
a more well-regulated molecular structure. AB alucone
was grown at 155 �C, whereas ABC alucone was grown
at 90 �C. Direct deposition, with no substrate surface treat-
ment, was performed after a 12 h stabilization at the depo-
sition temperature.

Indentation of alucone was performed at room temper-
ature using a commercial instrument (Nano Dynamic Con-
tact Module (DCM), Agilent Technologies, Inc.) equipped
with a diamond Berkovich tip. When measured in ‘‘contin-
uous stiffness” mode (CSM, Ref. [34]), modulus and hard-
ness can be evaluated at discrete instances (unloading
events) throughout the measured depth range. Once the
tip has engaged the material’s surface, the instrument is
capable of resolving load increments less than 1 lN, with
displacement resolution less than 1 nm. The instrumented
indentation method is accurate to within about 5–10% of
the measured E and H values when multiple indentation
measurements are averaged.

Specifics details of the indentation experiments are as fol-
lows: to prevent tip damage at high speed, the depth of
indentation was set to be less than hf. The test procedure fol-
lowed the trapezoidal profile [22] by loading at the rate of
25 lN s–1, holding at the maximum load for 180 s for stabil-
ization, rapidly unloading at the rate of 250 lN s–1 and
finally holding at 1% of the maximum load for 30 s to obtain
a thermal drift correction. Test locations were offset by
100 lm to ensure isolation between the 30 separate sites.

Key details of the data reduction for the raw indentation
measurements are as follows: immediately prior to the
tests, the tip was calibrated against the elastic modulus of
fused silica [21], with the area coefficients being chosen to
achieve an optimum fit to the CSM data according to:

A½hc�¼
X4

n¼0

CnðhcÞ2�n¼C0h2
cþC1hcþC2h

1
2
cþC3h

1
4
cþC4h

1
8
c ð5Þ

In Eq. (5), A[h] represents the depth dependent area
function (m2) and C the area fit coefficient(s). The contact
depth, hc, was determined according to a linear fit of the
measured P vs. h data, just after the tip was unloaded:

hc ¼ h� e
P
S

����
unload

ð6Þ

New parameters represented include h, which represents
the measured depth (m), e, the assumed sink-in parameter
of 0.75 [21], P, the applied load (N), and S, the ‘‘harmonic

Fig. 2. Sub-reaction sequence resulting in the growth of ‘‘ABC alucone”.
Film growth is realized according to the reactant sequence of (a)
trimethylaluminum, (b) ethanolamine and (c) maleic anhydride.

Fig. 1. The half-reaction sequence resulting in the growth of ‘‘AB
alucone”. Film growth is realized according to the reactant sequence of (a)
trimethyl aluminum and (b) ethylene glycol.
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contact stiffness” (i.e. oP/oh) (N m–1). The effective modu-
lus was evaluated at the instant the tip was unloaded
according to [21]

Eeff ¼
S
ffiffiffi
p
p

2b
ffiffiffiffiffiffiffiffiffiffi
A½hc�

p
�����
unload

ð7Þ

New parameters include Eeff, which represents the effec-
tive modulus (Pa), p, the mathematical constant, and b, the
tip geometry factor – assumed to be 1.05 based on Ref.
[35]. For the two-dimensional axisymmetric analysis, the
effective modulus was related to the elastic modulus of
the specimen using Eq. (8):

1

Eeff
¼

1� m2
f

Ef
þ 1� m2

i

Ei
ð8Þ

In the equation, the subscripts f and i, refer to the film
and the indentor tip, respectively. Ei and mi were assumed
to be 1141 GPa and 0.07, respectively, whereas mf was
assumed to be 0.33. The Berkovich hardness, H, was eval-
uated at the instant the tip was unloaded according to:

H ¼ P
A½hc�

����
unload

ð9Þ

The raw load, depth and harmonic contact stiffness data
were then utilized with a finite element analysis (FEA) pro-
tocol [36] that formally incorporates the effect of the sub-
strate and allows for interpretation at shallow depths, i.e.
P20 nm. Because the fused silica calibration (i.e. Eq. (5))
does not ensure a positive area of contact at shallow
depths, the tip was assigned an ideal spherical shape for
h 6 2.5 nm. For the (nonviscous) elastic/perfectly plastic
constitutive behavior profile assumed here, the procedure
works by interpolating the yield strength and modulus val-
ues from a fit of the simulated stiffness and force relative to
those measured at a particular depth:

ry ¼ a1S þ b1P þ c1 ð10Þ
E ¼ a2S þ b2P þ c2 ð11Þ

E and ry (therefore H) are determined iteratively, from a
set of initial guesses that bound the converged solution. To
clarify, the parameter ry represents the yield strength of the
film (Pa), S the harmonic contact stiffness (N m–1), P the
applied load (N) and E the modulus of the film (Pa). To
facilitate rapid analysis, the measurements were binned
and averaged at twenty depths throughout the range of
the experiment, where the fitting coefficients, a, b and c

are eliminated at each depth during the interpolation. In
the protocol, an equibiaxial stress (constant through the
thickness of the film) can be assigned during the FEA in
order to examine the influence of rf on E and ry [36].
FEA was performed using a commercial code (ABAQUS,
Dassault Systèmes Inc.) in conjunction with some custom
front-end utilities and is described further in Refs.
[36,37]. The values of E = 71.1 GPa, m = 0.18 and
ry = 6635.4 MPa were determined for the substrate, from
an analysis of the fused silica calibration measurements;
the value of m = 0.33 was assumed for the alucone films.

AB alucone films, nominally 100 nm thick, were depos-
ited on 300 lm thick, 100 mm diameter (1 0 0) Si wafers
(University Wafer, Inc.) for curvature measurements
(FLX 2320-S, Toho Technology Corp.). Si substrates were
utilized because the material is well characterized and is
manufactured with high precision. The use of thin, large
diameter wafers compensates the thickness and modulus
of the alucone film (Eq. (1)). The FLX 2320-S measures
radius of curvature based on the change in angle (incident
vs. reflected) of a rastered laser. Linear scans ensure radius
measurements to within 2.5% of the averaged value. The
FLX 2320-S has a temperature controlled chuck, set here
to record curvature at each 5 �C min–1 increment. To pre-
pare the specimens for measurement, alucone was removed
from the backside of the wafer using highly basic (pH � 13)
solutions of NaOH (from pellets), hydrogen peroxide
(30 wt.%) and deionized water. The coating dissolved read-
ily when wiped with a solution-soaked tissue, visually ver-
ified by the indigo appearance of undissolved alucone.
Before and after wafer curvature measurements, the film
thickness and index of optical refraction were measured a
small spot spectroscopic reflectometer (NanoSpec, Nano-
metrics, Inc.).

Similar to the wafer curvature characterization, coatings
were deposited on microcantilever beams in order to esti-
mate film stress and monitor temporal stability. The micro-
cantilevers consisted of laminated polycrystalline silicon
(polySi), SiO2 and polySi layers, nominally 1.5, 0.3 and
1.0 lm thick, respectively. Microcantilevers were fabricated
on separate dice according to a standard microsystems tech-
nology (SUMMiT V, Sandia National Laboratories) [38].
Identical arrays of beams, each nominally 20 lm wide, ran-
ged in length from 100 to 550 lm in 50 lm increments. The
microcantilevers were mechanically freed from sacrificial
SiO2 layers by etching in a solution of 48 wt.% hydrofluoric
acid (HF) and Triton-X 100 surfactant [39] for 20 min. The
middle SiO2 layer of the beams is encased in Si, however, so
that the SiO2 is not removed in HF. Other specific details of
the microcantilever beams as well as the measurement tech-
nique are described more thoroughly in Ref. [37].

Because the beams are non-symmetric in the through-
thickness direction, they exhibit an initial curvature of
approximately �55 m�1. The curvature of the beams was
measured using an interferometric microscope (New View
200, Zygo Corp.). The vertical resolution of the machine
is better than 1 nm, while the lateral resolution for the
10� objective at 0.75� magnification is approximately
0.89 lm. For the beams studied, the measurement accuracy
of the instrument is therefore expected to be better than
1.2% (two standard deviations). Curvature was measured
immediately before and after deposition, so that the stress
in the coating can be determined using a multilayer com-
posite analysis [31–33]. Curvature was then monitored
weekly for 4 months.

The analysis procedure for the microcantilevers is for-
mally described in Ref. [33]; the final step is to relate
between microcantilever curvature and stress:

5086 D.C. Miller et al. / Acta Materialia 57 (2009) 5083–5092
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Dj ¼ ð�B � NÞ þ ðA �MÞ
ðA � DÞ � ðB2Þ

ð12Þ

New parameters in the equation include: A, the constant
coupling axial extension between the layers (N); D, the
bending coupling constant (N m2); B, the constant cou-
pling between extension and bending (N m); N, the term
for the laminate force (N); and M, the term for the lami-
nate bending moment (N m). The coefficients A, B and D

vary with the E, m and h of each of the component layers.
The terms N and M vary with the E, m, h, a and r of the
component layers, as well as DT. Because the beam length
was significantly greater than the width, the analysis was
simplified to the one-dimensional condition, i.e. the layer
width is eliminated.

3. Results

3.1. Instrumented indentation

In post-examination, the far regions of the initial inden-
tation specimens, 500 nm thick and deposited on Si, con-
tained the ‘‘mud-crack” geometry commonly observed
with equibiaxial tensile stress [40]. The indentation specific
regions on these specimens also proved problematic as
indentation resulted in cracking and delamination. Cracks
can be analyzed according to Beuth’s model [41]:

G ¼ phf ð1� mf 2Þ
2Ef

ðrf Þ2g½D1;D2� ð13Þ

C ¼ K2
IC

Ef
ð14Þ

New parameters in the equations include: D, which rep-
resents the Dunder’s parameters (unitless) [40]; G, the
energy release rate (J m–2); g, a coefficient accounting for
elastic misfit between the film and substrate (unitless)
[41]; C, the critical energy release rate (J m–2); and KIC,
the mode I fracture toughness of the film (Pa m0.5). The
minimally sufficient condition required for fracture is real-
ized when Eqs. (13) and (14) first become equal, where an
isolated channel crack will propagate spontaneously across
the film. The stress required for crack propagation is esti-
mated to be 220 MPa, i.e. 0.5% strain, from the indentation
measured modulus (Ef = 36.8 GPa, below), the mode I
fracture toughness of 0.17 ± 0.02 MPa m0.5 measured in
Ref. [19] for AB alucone, and assumed parameter values
(mf = 0.13, Es = 161.8 GPa, ms = 0.22). To prevent cracking,
subsequent indentation studies were conducted using thin-
ner (i.e. more mechanically robust [19]) films deposited on
SiO2 substrates, where Es was better matched to Ef.

In the subsequent studies, the polymer-specific measure-
ment methods proved unsuccessful. Although both
transients stabilized within 180 s, the magnitude of visco-
elastic behavior at the maximum applied load [27,28] was
exceeded by that of thermal drift. Separately, rapid unload-
ing [26] at rates between 250 and 2500 lN s–1 rendered con-

sistent instantaneous modulus values for polyethylene
naphthalate and polyimide sheet specimens (75 and
50 lm thick, respectively) but not for the alucone films.
Therefore, the examination of alucone was limited to tradi-
tional techniques, i.e. P vs. h profiles as well as CSM data –
which do not account for possible viscoelastic behavior.

Binned and averaged indentation data are shown in
Fig. 3, including the variation in P/S2 and load with inden-
tation depth. P/S2 [42] is never observed to converge
asymptotically for either alucone sample, indicating that
the substrate significantly affects the response, therefore
its influence must be incorporated in the data analysis to
obtain accurate values of E and H. Separately, the slope
of the P vs. h loading profile for AB alucone is observed
to exceed that of ABC alucone, indicating that AB alucone
is a harder material.

The residual indentation impressions were imaged using
a field-emitting scanning electron microscope (JSM-7401F,
JEOL Ltd.). After a trace Au/Pd coating was applied to
improve imaging capability, seven separate indentation
sites were examined for each alucone; representative exam-
ples are shown in Fig. 4. No cracks were observed at the
impression sites or in the distant open regions, verifying
the validity of the indentation data. The crack free mor-
phology is consistent with the 2.25� strength improvement
predicted (Eqs. (13) and (14)) relative to the 500 nm thick
specimens. In Fig. 4, the outline of the residual impression
is observed to bow slightly outwards, indicating a minor
pile-up and the absence of work hardening [21]. A more
convex shape than that in Fig. 4 can be problematic
[21,22], since the area of contact would be underestimated,
causing E and H to be overestimated. For ABC alucone, a

Fig. 3. Indentation results for 100 nm thick AB alucone and 120 nm thick
ABC alucone films on SiO2.

D.C. Miller et al. / Acta Materialia 57 (2009) 5083–5092 5087
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step-like morphology was often observed on one of the
impression faces, as indicated in Fig. 4b. This incremented
geometry might relate to layers of alucone that are well
adhered in the through-thickness direction.

The indentation data was then analyzed using the numer-
ical analysis protocol [36]. First, AB alucone was evaluated
up to just beyond to the critical stress for channel crack prop-
agation (+441 MPa for the alucone/SiO2 system via Eqs.
(13) and (14); Fig. 5). To clarify, E and H in Fig. 5 were eval-
uated from the indentation data in Fig. 3 as a function of the
rf that might be present; as described later, rf was indepen-
dently verified to vary from tensile (+441 MPa) to compres-
sive (�174 MPa) over time. As the fracture toughness of
ABC alucone has not been measured, the indentation data
was evaluated over the same range used for AB alucone
(Fig. 6). In both figures, modulus is seen to vary monotoni-
cally; hardness, which further depends on inelastic material
behavior, varies more complexly with stress. For reference,
the characteristic values for rf = 0 (dashed vertical lines in
Figs. 5 and 6) are given in Table 1. The yield strength and
corresponding strain, ey, are provided in the table for the
assumed linear elastic limit.

To begin discussion of the indentation results, Figs. 5
and 6 and Table 1 identify significant variation with rf over
the range of ±500 MPa. For AB alucone, a 14% and 7%
variation with rf is observed for E and H, whereas for
ABC alucone, a 33% and 57% variation with rf is observed
for E and H, respectively. Regarding variation in H with rf,
the rf limits assumed in the analysis are similar (84% and
113%, respectively) to the yield strength of alucone (Table
1). For a tensile film stress, for example, the material
becomes more inclined to flow during indentation, decreas-
ing its hardness. The geometry of the residual impression,
which is accurately rendered in FEA, affects E through S
as well as the corresponding area of contact (Eq. (7)).

Separate from the stress dependent variation, the uncer-
tainty in the modulus measurements (Table 1) is due in part
to the thickness of the films examined, i.e. hf = 100 or
120 nm. While the effect of the substrate is accurately repre-
sented in the numerical analysis, the associated uncertainty

Fig. 6. Indentation results for the 120 nm thick ABC alucone coating on
SiO2. The variation in modulus and hardness with film stress was
evaluated using the numerical analysis protocol over the same stress range
as for AB alucone.

Fig. 5. Indentation results for the 100 nm thick AB alucone coating on
SiO2. The variation in modulus and hardness with film stress was
evaluated using the numerical analysis protocol for stresses in the
range ±500 MPa.

Fig. 4. Scanning electron images of the residual impression remaining
after indentation for (a) 100 nm thick AB alucone and (b) 120 nm thick
ABC alucone films on SiO2. The arrow identifies step-like features in the
ABC sample.
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is increased as hf is decreased. The analysis, however, does
not consider possible variation in rf between different depo-
sition batches or according to the location on the substrate.

The yield strength and strain in Table 1 may be used to
compare the mechanical capacity of the two alucone mate-
rials. The similar ry and ey values in the table suggest the
toughness of ABC alucone is comparable to that of AB
alucone. This is consistent with the mud-crack morphology
observed for both 500 nm thick coatings, suggesting that
both alucones are brittle.

While indentation enables rapid material characteriza-
tion, the results here should be understood as initial esti-
mates. The results of indentation are effectively isotropic,
as the complicated three-dimensional strain field invoked
does not readily distinguish anisotropic property variation
[43,44]. In contrast to the measurement technique, the
growth mechanisms depicted in Figs. 1 and 2 suggest that
the MLD technique favors generating films bearing strong
covalent bonds in the through-thickness direction, but with
weak hydrogen bonds in the in-plane direction.

Separately, the effects of strain rate sensitivity, viscoelas-
ticity and hydrostatic pressure are not emphasized in this
study. First, indentation strain rates [45] as high as 0.018
and 0.012 s�1 result from the loading rate of 25 lN s–1

for AB and ABC alucone, respectively. In comparison,
the strain rates of 0.75 and 0.63 s�1 result from the CSM
oscillations at the maximum hc, respectively. While strain
rate sensitivity was not directly examined, the indentation
characterization occurs much more rapidly than in other
situations, such as wafer- or microcantilever curvature
characterization. Second, the thin films utilized here in
order to prevent channel cracking are beyond the range
of present equipment and methods related to viscoelastic-
ity; therefore, the instantaneous Ef is approximated directly
from Eeff, as mechanical dissipation is expected to be
reduced at high strain rates. Third, particularly for poly-
meric materials, the hydrostatic pressure present during
indentation can affect (increase) Ef and Hf. Material prop-
erties were extracted from h = 30 to 50 nm and from h = 24
to 108 nm for AB and ABC alucone, respectively, based on
the uniform results at those depths. The constitutive model
used in the analysis here, however, does not encompass the
effect of hydrostatic pressure at indentation depths
approaching the film thickness.

3.2. Wafer curvature

Fig. 7 shows the stress present in a nominally 100 nm
thick AB alucone film, measured using the wafer curvature
method in three consecutive thermal cycles, i.e. heating to

155 �C followed by cooling to the ambient. The initial
stress value of �174 ± 9 MPa, present at the beginning of
the first thermal cycle, was determined by comparing
coated and uncoated wafers. During the first thermal cycle,
stress remained relatively unchanged, except for the precip-
itous increase in compressive stress just prior to the return
to ambient temperature (a similar response was observed in
a separate specimen tested to 500 �C). The radius of curva-
ture ranged from �48 to �38 m in the second and third
thermal cycles, where the overlapping profiles demonstrate
a repeatable hysteresis. Separate slopes were observed
for the heating and cooling profiles, therefore separate
least-squares fits are shown in Fig. 7. The fits, used with
Eq. (2), identify the CTE to be 12.6 ± 0.6 and 7.1 ± 0.3
ppm �C–1 for the heating and cooling profiles, respectively.
A precipitous increase in compressive stress was observed
at the end of second and third cooling cycles. In these sam-
ples, a 2.5 nm thick native oxide [46] is expected to be pres-
ent at the interface between alucone and Si. This interlayer
is, however, expected to have negligible influence here, as
the interlayer is symmetric (present on both the top and
bottom Si surfaces), and is significantly thinner than hf.

Material stabilization occurring during the first thermal
cycle is common in thin films, and is often motivated by the
mechanisms of grain growth, recrystallization or (inter-/
intra-) diffusion [47–49]. In the case of polymeric materials,
mechanisms including outgassing, desorption, densifica-
tion, phase transformation, material decomposition and
crosslinking may also contribute to stabilization. Thin films
typically become stabilized as long as subsequent thermal
cycles do not exceed the previously used temperature- or
time conditions [47–49]. Regarding prolonged measure-
ments, one must be aware of creep (or other viscoleastic
behavior) occurring at elevated temperature conditions
[48]. In Fig. 7, the similarity between the second and third
cycles suggests the alucone has stabilized, at least over the
time scale of the experiment. The cause of the hysteresis
occurring in those cycles is unknown and may be due to

Table 1
Summary of analysis results (average ± 2 SD) for the indented alucone
films; the values for rf = 0 are given.

Material Ef (GPa) Hf (GPa) ry (MPa) ey (%)

AB alucone 36.8 ± 5.6 0.47 ± 0.07 596 ± 91 1.6
ABC alucone 13.2 ± 5.0 0.27 ± 0.10 444 ± 169 3.4

Fig. 7. Stress results, obtained using the wafer curvature method, over the
first three consecutive thermal cycles for 100 nm AB alucone deposited on
Si.
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a phase transformation activated at elevated temperature,
with the original characteristics being recovered near the
ambient. The hysteresis might result from viscoelasticity
and/or heat transfer (the thermal time constant).

Estimates of CTE, obtained from wafer curvature mea-
surements, allow the contribution of thermal stress to be
evaluated. The values of Ef = 36.8 GPa, mf = 0.33,
hf = 85.5 nm, Es = 161.8 GPa, ms = 0.22, hs = 300 lm and
as = 3.0 ppm �C–1 were used in Eq. (2) to estimate the
change in rf. For the maximum CTE of 12.6 ppm �C–1,
the added tensile stress of 71.3 MPa is predicted for AB
alucone, for the cooling from the deposition temperature
to ambient temperature. In comparison, Eqs. (13) and
(14) suggest that an absolute tensile stress of 441 MPa is
required to crack the alucone/SiO2 system in Fig. 5, for
Ef = 36.8 GPa, mf = 0.33, KIC = 0.17 MPa m0.5, Es = 72 GPa
and ms = 0.18. The tensile stress of 355 MPa was measured
for alucone immediately after deposition using microcanti-
levers (below). The contribution of thermal misfit is there-
fore estimated to range from 1/5 to 1/3 of the initial rf,
where the remaining stress is attributed to other factors,
such as film growth. The parameters of temperature and
pressure readily affect the rate of growth [14,17], and might
also be used to manipulate rf.

Thermal cycling also affected other characteristics of AB
alucone. While the nominal deposited thickness of alucone
was 100 nm, the thickness just prior to the curvature char-
acterization measured at 85.5 nm in the reflectometer. To
clarify, curvature characterization was performed 2 weeks
after film deposition for logistical reasons, including the
removal of the coating present on the backside of the
wafers. At the end of the wafer curvature experiments,
the hf had decreased further to 55.2 nm. The index of
refraction, n, for alucone, also measured using the reflec-
tometer, changed from 1.471 (just prior to thermal cycling)
to 1.418 after the third cycle.

The decreases in hf and n here are similar to those
observed in a previous study. Specifically, a 22% decrease
in thickness occurring within 5–6 days at ambient labora-
tory conditions was measured using X-ray reflectivity
[14], which was observed along with change in chemical
composition measured using Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectros-
copy (XPS). The FTIR and XPS measurements indicate a
change in the chemical composition of alucone, affecting
Ef. The decrease in n (from 1.512 just after deposition to
1.494) also determined in Ref. [14] suggests a change in
physical structure over time. The affected characteristics
imply that the film stress of �174 MPa measured at the
beginning of the first cycle in Fig. 7 may not be present
immediately after deposition. Therefore, the temporal sta-
bility of alucone was examined next.

3.3. Temporal stability (microcantilever curvature)

Separate coatings, including AB alucone nominally
100 nm thick, ALD Al2O3 nominally 100 nm thick and a

laminated composite of Al2O3/AB alucone/Al2O3 (nomi-
nally 25/192/25 nm thick), were grown on separate arrays
of polySi/SiO2/polySi microcantilever beams. A representa-
tive micrograph of the microcantilever arrays is shown in the
inset of Fig. 8, where the direction of positive curvature
occurs for tip deflection towards the substrate. For the
microcantilevers of known thickness (above), the parameters
of Ef = 36.8 GPa, mf = 0.33, hf = 100 nm, af = 12.6 ppm �C–1,
ESi = 161.8 GPa, mSi = 0.22, aSi = 3.0 ppm �C–1, ESiO2 = 72.0
GPa, mSiO2 = 0.18, aSiO2 = 0.4 ppm �C–1 and DT = 125 �C
were used in Eq. (12) to estimate rf. For the analysis, the
residual stress in the polySi layers was determined to be
�2.8 and �4.3 MPa, respectively, using the pointer struc-
ture and procedure described in Ref. [50], whereas stress
in the SiO2 layer was assumed to be 0. From the difference
in curvature prior to coating (arrows in Fig. 8) and imme-
diately after coating (starting at 0 in Fig. 8), rf was deter-
mined to be 355 ± 57 MPa for alucone. The film stress
within Al2O3 ALD coatings of different thickness is exam-
ined elsewhere [37], whereas the analysis for the Al2O3/alu-
cone/Al2O3 coating may not be solved specifically (rf for
three coating layers is unknown). In Figs. 7 and 8, rf is
importantly assumed to be constant through hf; an addi-
tional through-thickness gradient would affect the wafer
and microcantilever rf solutions.

The evolution of curvature is shown in Fig. 8, where the
change with time occurs mostly within 2 weeks for 100 nm
alucone, a similar duration to that observed in Ref. [14].
The change in curvature for the composite coating is not
outside the range of experimental variability, but might
occur over a more prolonged time period. The Al2O3 coat-
ing, however, does not demonstrate a definite change in
curvature. A significant amount of the variability for the
coatings containing alucone is due to the surface rough-
ness, where the overall variation increased from 2% of
the average microcantilever curvature at the beginning of
the experiment for all coatings to over 6% of average cur-
vature at the end of the experiment for 100 nm alucone.

Fig. 8. Evolution of curvature over time for Si/SiO2/Si microcantilevers
with alucone, Al2O3 or Al2O3/alucone/Al2O3 composite coatings.
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The rf estimate of 355 MPa obtained from the micro-
cantilevers is notably different from �174 MPa, determined
using wafer curvature. rf from the microcantilevers is,
however, intermediate to the channel crack propagation
stress estimated from Eqs. (13) and (14) for the indentation
specimens (rf = 217 MPa for hf = 500 nm, where cracking
occurred, vs. rf = 441 MPa for hf = 100 nm, with no crack-
ing), suggesting that this value is reasonable. The tensile
stress found immediately after deposition (as in Fig. 8) is
consistent with the mud-crack geometry for hf = 500 nm,
which cannot be explained if rf is compressive. The differ-
ent stress values obtained from the wafer- and microcatile-
ver-curvature measurements are therefore attributed to the
evolving chemistry of alucone in the ambient environment.

Because both hf and Ef change simultaneously with
time, the change in rf over time in Fig. 8 cannot be deter-
mined absolutely. For a film of assumed constant thick-
ness, however, the trend for the 100 nm alucone coated
beams in Fig. 8 implies rf becoming more compressive over
time. Such behavior is consistent with volumetrically
additive processes, such as the incorporation of bulkier
chemical species or rearrangement of molecular chains
from the growth direction towards the in-plane direction.
In Fig. 8, the Al2O3/alucone/Al2O3 composite coating con-
tains more alucone than the 100 nm thick coating, but does
not significantly evolve over time. This stabilized behavior
is attributed to the outermost Al2O3 film, believed to pre-
vent H2O from diffusing into the interior films from the
ambient environment. Similar behavior was seen in Ref.
[14], where the properties of alucone were stabilized by
an external coating. To explain, the interior alucone/
Al2O3 interface is believed to promote catalytically the
dehydration and/or dehydrogenation of alucone when the
alucone is not externally shielded from the environment
[14]. In contrast, the 100 nm thick Al2O3 coating did not
change over time, within the range of experimental error.
Al2O3 ALD is believed to be much more chemically stable,
except in extremely acidic or basic environments [14].
While ABC alucone was not examined here using reflec-
tometry or microcantilever curvature, the initial study of
that system in Ref. [17] also includes examination of
temporal stability.

4. Discussion

Many of the proposed applications for MLD involve
replacing conventional polymeric materials with patterned
MLD films for the purpose of miniaturization. The charac-
terizations here suggest that the alucones have a greater
elastic modulus than traditional polymers (Table 1 vs.
Refs. [51,52]), are at present quite brittle (indentation and
Ref. [19]) and are prone to environmental influence
(Fig. 8 and Ref. [14]). Another issue of importance is the
anisotropy of material properties, such as modulus and
toughness. For example, in-plane measurements could be
obtained via a pressurized MLD membrane or by bending
an alucone coated microcantilever using an atomic force

microscope [53]. These techniques allow the rapid evalua-
tion of the contribution of viscoelastic behavior, which
was not investigated using the wafer curvature method
and cannot be discerned from the chemistry motivated
change in microcantilever curvature over time.

Beyond the characteristics measured here, the MLD
technique provides considerable flexibility for tailoring
thermomechanical characteristics. A wealth of chemical
precursors may be utilized to increase the length of chemi-
cal chains, reorient the direction of growth, incorporate
aromatic or other geometries, and/or promote bonding in
the in-plane direction [15]. For example, reaction sequences
with heterobifunctional or ring-opening reactants (Fig. 2)
may readily promote chain alignment and material anisot-
ropy. Contrary methods include the use of ultraviolet light
or intermittent chemical precursors to affect chemical bond
density, chain orientation and chain length. Tailoring of
material characteristics might also be achieved through
intermittent mixture with ALD chemistries in order to real-
ize graded composite materials, constructed in monolayer
increments [54].

5. Conclusions

The thermomechanical properties of MLD alucone
coatings were investigated using indentation, wafer curva-
ture and microcantilever curvature measurements. Key
results include the following:

For zero film stress, the elastic modulus of ‘‘AB” and
‘‘ABC” alucone was determined to be 36.8 ± 5.6 and
13.2 ± 5.0 GPa, respectively, while the Berkovich hardness
of the same materials was 0.47 ± 0.07 and 0.27 ± 0.10 GPa,
respectively. A 7–57% variation in modulus and/or hardness
according to film stress was identified using a numerical
analysis protocol. Minor pile-up was observed at the periph-
ery of the residual indentation impressions, suggesting that
the alucone materials do not undergo significant work
hardening.

The coefficient of thermal expansion for AB alucone was
determined to be 12.6 ppm �C–1 during heating and
7.1 ppm �C–1 during cooling using the wafer curvature
method. The tensile thermal stress invoked during cooling
from the deposition temperature to the ambient is therefore
expected to be 70–90 MPa, i.e. 1/5–1/3 of the initial film
stress. The stress present 2 weeks after deposition was
�174 ± 9 MPa; this decreased to �280 MPa following
thermomechanical stabilization. Subsequent thermal cycles
demonstrated a repeatable hysteresis. Both the thickness
and index of refraction were reduced after thermal cycling.

Microcantilever-facilitated curvature studies identified a
tensile film stress (estimated >300 MPa), present immedi-
ately after deposition. Microcantilever curvature was found
to evolve during the first weeks of storage in the ambient
environment in conjunction with change in the thickness
and/or modulus of the alucone coatings. The observed
change in curvature is consistent with the film stress
becoming more compressive over time. ALD surface coat-
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ings were found to stabilize alucone within the ambient
environment; alumina is believed to act as a permeation
barrier, shielding alucone against moisture-induced
changes. Beyond the properties measured here, the MLD
technique possesses a rich wealth of options that enable
the tailoring of the characteristics, adhesion and chemical
stability of coatings composed of this new class of material.
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